OBJECTIVE: To determine how the ability of skeletal muscle to manage amino acids is conditioned by obesity. The test was performed in two different models of obese rats: diet-obese rats and genetically obese rats. SUBJECTS: Lean and genetically obese (fa/fa) male Zucker rats were used. DESIGN: For up to 60 d of life lean animals were fed with standard chow pellet or with a hypercaloric cafeteria diet. Genetically obese rats were fed with standard chow pellet during the same period. MEASUREMENTS: Amino acid concentration in the femoral artery and vein and leg blood¯ow were measured. Free amino acid concentration, protein and nitrogen content and enzyme activities were determined in whole leg muscle. RESULTS: Amino acid availability was increased in diet-obese animals and remained unchanged in the genetically obese group. The genetically obese groups had a lower protein content and unchanged concentration of amino acids in leg muscle. Furthermore, total nitrogen remained unchanged in these animals and they showed an increased activity in alanine aminotransferase and glutamine synthetase. The leg muscle of the diet-obese rats took up several amino acids (Ala, Arg and Val) or released others (mainly Gln and Gly). Conversely, genetically obese rats took up many amino acids and did not release any. CONCLUSIONS: We conclude that in nutritionally obese rats there is an increased availability of amino acids in skeletal muscle. This augmented availability propitiates the increase in the uptake of many amino acids. In genetically obese rats, the lack of variation in amino acid availability points to a possible hereditary alteration that increases the capacity of different amino acid transport systems. Furthermore, the diminished protein content of fa/fa muscle is not due to a lower availability and intracellular pool of amino acids.
Introduction
Skeletal muscle plays a main role in whole body amino acid metabolism 1 and contains the highest amount of proteins in the mammalian body. These proteins, which participate in muscle contraction, have a notable turnover rate that can be conditioned by nutritional status or other metabolic or physiological conditions. 2, 3 Furthermore, these proteins can supply free amino acids that are used by different tissues. 4 Thus, the muscle production of alanine is essential for the gluconeogenic pathway in liver, and the glutamine released by muscle is used by small intestine. 5 The uptake and/or release of the different amino acids by muscle does not follow the same pattern, while alanine and glutamine are mainly released, the branched chain amino acids are taken up actively. 6 Amino acid uptake by skeletal muscle depends on the nutritional status of the animal and the availability of transport systems. 7 The amino acid metabolism varies in different models of obesity. Thus, rats that are obese as a consequence of a hypercaloric diet show a general trend to preserve nitrogen, 8 a decrease in urea production and excretion 8±10 and an increase in lean mass. 11 Conversely, genetically obese rats (fa/fa) have been characterized by their lack of ability to manage nitrogen compounds, smaller muscle mass 12 and a lower amount of proteins. The aim of this study was to determine the ability of skeletal muscle to take up and/or release individual amino acids in two different models of obesity, one of genetic origin and the other derived from nutritional treatment.
Materials and methods
Sixty day old male Zucker rats (from Harlan Olac stock, UK) were used, either lean (Fa/?) or obese (fa/ fa). They were bred at the Animal Service of the University of Rovira i Virgili under controlled conditions of light (12 h on/12 h off), humidity (70±80%) and temperature (20±21 C). The rats were housed in polypropylene-bottomed cages with wood shavings as absorbent materials.
After delivery, Fa/? dams were randomly divided into two groups. One group was fed ad libitum with standard laboratory chow diet (A03, Panlab, Barcelona, Spain) and tap water. The second group (DietOb) was fed with a rich hypercaloric diet (cafeteria diet) with daily fresh offering of biscuits spread with liver pate Ã, bacon, banana, chow pellets (as indicated above) tap water and whole milk completed with 300 g/l sucrose plus 10 g/l of mineral and vitamin supplement (Gevral, Cyanamid Ibe Ârica, Spain). All materials were previously weighed and presented in excess (c. 20±30% of the expected consumption). This diet is a simpli®ed version of an earlier diet developed in our laboratory. 13 Male rats were selected at weaning, on day 21, and reared with these diets up to 60 d. Obese fa/fa were fed ad libitum with standard laboratory chow diet and tap water.
The three groups of rats, Fa/? lean, Diet-Ob and fa/ fa obese were divided in two subgroups, one used to measure blood¯ow and the other used to estimate the arterio-venous differences of amino acids across the leg muscle.
Blood¯ow measurement
The experiments were carried out 100±120 min after the beginning of the light cycle and withdrawal of food, and rats were anaesthetized intraperitoneally with sodium pentobarbital (60 mg kg body weight). Muscle blood¯ow was measured as previously described.
14 Brie¯y, a cannula (PE-10 polyethylene tubing (Clay-Adams, Perssipany, NJ, USA)) was inserted in the left ventricle through left carotid artery; then 0.1 ml (50 kBq) of 46 Sc micro spheres (New England Nuclear, Bad Homburg, Germany; mean diameter 15 mm) were injected uniformly during 15 s through this cannula. Five seconds before the injection and for 60 s thereafter, blood was collected from femoral artery with a heparinized syringe driven by an infusion pump. This blood was weighed and used as a reference for blood radioactivity. The rats were killed by injecting 1 ml of air through the carotid cannula. After dissection, the entire hind leg muscles were blotted and weighed and their radioactivity determined with a solid scintillation counter.
Relative blood¯ow was calculated as:
where f M is the muscle blood¯ow (mlaminag); F RB is the reference blood sample (ml min g); R M is the radioactivity found in the muscle (cpm/g) and R RB is the radioactivity of the reference blood (cpm/g).
Arterio-venous differences
The rats were anaesthetized in the same way as described above and blood was sampled ®rstly from a femoral vein, approximately 1 cm from iliac branch (downstream from the abdominal cavity), and then from the abdominal aorta with heparinized syringes. Blood samples were deproteinized with cold acetone 15 and after centrifugation the supernatants were stored at 720 C for amino acid analysis by HPLC (Amino System, Gilson) using the OPA (orto-phtaldialdehyde) and FMOC (9-¯uorenyl methoxy carbonyl chloride) derivatives. Individual amino acids were separated in a Spherisorb ODS-2 column and in a ternary solvent gradient of sodium phosphate/propionic acid/acetonitrile at room temperature. Homocysteic acid, homoserine, norvaline and thioproline were used as internal standards.
Muscle availability of amino acids was calculated as:
where f M represent the whole leg muscle¯ow and C a is the concentration of each amino acid in aorta. The uptake of each amino acid by the leg muscle was calculated as:
where f M represents the whole leg muscle¯ow, and C a and C f represent the concentration of each amino acid in the aorta and femoral vein respectively.
The relative extraction, as a percentage, was calculated as:
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Enzyme and metabolite determination
All the muscles of the right leg were excised, immediately frozen in liquid nitrogen and powdered. Then, homogeneous samples were used for nitrogen analysis (Carlo Erba, elemental analyser NA 1500), protein 16 and amino acid determinations. Fractions of the samples were deproteinized with cold acetone:water (1:1.2) 15 and individual amino acids were determined in the supernatant using the method described above (HPLC). Total free amino acids were determined in muscle homogenate by using the ninhydrin method. 17 Alanine aminotransferase (E.C. 2.6.1.2) 18 and glutamine synthetase (E.C. 6.3.1.2) 19 were also determined from muscle samples. Seven animals per group were used for lean and diet-obese groups and six animals for the genetically obese group. All results are expressed as mean AE s.e.m. Signi®cance of the changes induced by obesity were tested using one factor ANOVA and the Scheffe Â test.
Results
The weights of animals on day 60 were 225 AE 7 g for the lean group, 288 AE 12 g for the Diet-ob group and 320 AE 15 g for the genetically obese group. The mean daily energy intakes from 30±60 d were in the region of 217 AE 7 kJ for the lean group; 280 AE 13 kJ for the diet-obese (P`0.05 vs lean group) and 363 AE 7 kJ for the genetically obese group (P`0.05) (values obtained from reference 10).
Muscular parameters
There were no differences in total nitrogen and total free amino acid content in the leg muscles (Table 1) . Conversely, the genetically obese group showed a lower protein content than lean and diet-obese groups ( Table 1 ). The concentrations of free amino acids in the whole leg muscle are shown in Table 2 . In diet-obese animals there was a signi®cant increase only in Ser concentration compared with the other groups. The genetically obese group showed a signi®cant decrease in the concentration of Gly and an increase in the concentration of Taurine, Asp and Leu.
The activities of alanine aminotransferase and glutamine synthetase are shown in Table 3 . Diet-obese animals did not show variations with respect to lean animals, and genetically obese animals showed increases in the activities of both enzymes.
Femoral¯ow, muscle availability and uptake of amino acids
We used femoral¯ow to calculate the availability and uptake of amino acids. The values were: 0.21 AE 0.30, 0.39 AE 0.08 and 0.19 AE 0.05 mlamin for lean, dietobese and genetically obese rats respectively. Amino acid availability to whole leg muscle is shown in Table 4 . Diet-obese rats had a higher availability of amino acids than lean rats (2±5 times), except for Asp, Glu and His. This increase in the availability of amino acids is a consequence of the (a) elevated femoral¯ow in the diet-obese animalsÐwhich was twice that of lean animalsÐand (b) the increased concentrations of some amino acids in arterial blood (mainly glucogenic amino acids). In these animals, muscle availability of Asp, Glu and His was similar to that of lean rats because their concentrations in arterial blood were signi®cantly reduced. Amino acid availability to whole leg muscle of genetically obese rats was similar to that of lean rats, except for Asp, Leu and Val which showed an increased value as a consequence of their elevated concentration in the arterial blood. Figure 1 shows the uptake of individual amino acids by leg muscle. Muscles from the lean group took up Arg and Leu, and released Asp, Thr, Citrulline, Taurine, Tyr and Met (P`0.05 vs 0). Whole leg muscle of diet-obese animals released Gln, Thr, Gly, Citrulline and His and uptake Asp, Glu, Ala, Arg, Met and Val (P`0.05 vs 0). The genetically obese group showed a general tendency to take up amino acids: the uptake of Glu, Gln, Ala, Ser, Thr, Citrulline, Taurine, Met, His, Phe and Leu being signi®cant (values different from 0). Thus, the diet-obese animals showed differences in relation to the lean group in all amino acids with the exception of Ser, Thr, Citrulline, Tyr, Phe, Leu and Ile. The differences between the lean and the genetically obese groups were signi®cant for Asp, Glu, Gln, Ala, Ser, Thr, Citrulline, Tyr, Met, Phe, Leu and Taurine. The differences between diet-obese and genetically obese groups were signi®cant for Asp, Glu, Gln, Thr, Gly, Arg, Taurine, His, Val, Phe and Leu.
Discussion
There is a noticeable decrease in the total amount of protein in genetically obese rats, that can be related with the decrease in the muscle mass 20 and protein synthesis 12 described in these animals. The decrease in protein content in fa/fa rats, is not due to a lack of substrate, since the pool of free amino acids is the same for lean animals and includes all the essential amino acids. Furthermore, the concentration of all free amino acids, we found here, are in the range described in the literature. 21, 22 The total amount of free amino acid is the same in the three experimental groups, in spite of the individual differences. Thus, in the fa/fa animals, the maintenance of total nitrogen content in the muscle together with decreased protein amount and maintained free amino acid concentration could suggest that nitrogen is present in another biochemical form in the genetically obese animals. These forms may be anserine and carnosine, with skeletal muscle concentrations that are higher than the most of other amino acids (4 mM) 21 except Gln or Taurine. The physiological status of these experimental animals was nearer to a post-prandial status than a prandial one as a consequence of the model chosen. 10 This fact must be taken into account in order to explain the lack of Ala and Glu release by the muscle in the lean group. In these conditions the muscle appears to be in equilibrium: with limited uptake/release of individual amino acids. In contrast, other tissues show an important uptake activity; for example, the small intestine takes up Glu and releases Ala. 23 The increased concentrations of insulin favour an increase in the uptake of some neutral amino acids by muscle through the A transport system (mainly for Ala) or the uptake of Glu by the N m system. 24 Obese animals, both diet induced and genetically, are hyperinsulinaemic. 25±27 In the diet-obese group, the increase in amino acid availability, due to increased arterial blood concentrations and the increased blood ow, could generate a favourable gradient that facilitates muscle uptake of many amino acids, 28 mainly Ala, Val and Arg (the relative extraction ratio for these amino acids were: 8, 24 and 24% respectively). The uptake of Ala could be favoured by the insulin induction of the transport system A 24 although this pattern may not be followed by other amino acid transport systems, since the uptake relates amino acid availability with a dubious activation of other selective transport systems. However, this fact does not explain the release of Gln, when the availability is increased and the intracellular concentration tends to decrease, in spite of the described independence of the rate of release from the intracellular amino acid concentration. 29 This intracellular Gln decrease may be due, in part, by its interconversion to Glu, since its concentration is increased. This fact makes it dif®cult to understand the uptake of Glu and Asp in spite of their decreased availability. The possible role of Gln in the steady-state of the free amino acid concentration, 24 the possible anabolic effects of Gln in the protein synthesis 30 and the hypothesized muscle mechanisms that regulate the Gln synthesis in order to maintain an elevated intracellular concentration 31 hinder the interpretation of the possible interrelationship between catabolic and anabolic pathways. Furthermore, the Gln released by muscle can be actively taken up by the small intestine as previously described. 23 Under these particular circumstances, the interrelationship between this tissue and skeletal muscle is very close since the Ala released by small intestine is taken up by striated muscles and not by the liver. The lack of variation in the free amino acid pool and protein content as a result of the increased uptake of selective amino acids should be perceived as representative of the increased amino acid metabolism and protein turnover that could produce the selective release of different amino acids as Thr, Gly and His, since its release/uptake my depend on the external amino acid concentration as has been demonstrated in muscle perfusion. 32 The genetically obese animals showed a generalized uptake of amino acids, especially in the case of Ala, Taurine, Thr, Gln and Leu, that showed the following relative extraction values: 11, 18, 17, 12 and 25% respectively. This pattern contrasts with that of the diet-obese animals since the generalized uptake of amino acids was not a consequence of increased availability; as the blood concentration and blood¯ow were similar to those of the lean group. In this case, the hyperinsulinaemic status of obese animals 27 may facilitate the signi®cant uptake of Gln and Ala in spite of the described resistance to insulin of Na-dependent Ala transport. 33 Furthermore, the uptake of amino acids that are transported by other systems that are not induced by insulin, such as the L system for Leu, and system X 7 for Asp and Glu, points out to the possible modi®cation of amino acids transport system activity in genetically obese animals, in a similar way to described variations in the amino acid transport activity in the liver 34 and small intestine. 35 However, this generalized increased uptake is not accompanied by variations in free amino acid pools, although the increase in the activities of alanine aminotransferase and glutamine synthetase seems to indicate an enhancement of amino acid metabolic pathways. If we consider these factors, the enhanced amino acid uptake by muscle should be derived from catabolic pathways, although maintenance of total nitrogen content raises the possible increase in the concentration of some peptides, as indicated above, that were not detected in the pool of free amino acids or protein.
Conclusions
In nutritionally obese rats there is an increased availability of amino acids in skeletal muscle. This augmented availability propitiate the increase in the uptake of many amino acids. In genetically obese rats, the lack of variation in amino acid availability points to a possible alteration that increases the capacity of different amino acid transport systems. Furthermore, the diminished protein content of fa/fa muscle is not due to a lower availability and intracellular pool of amino acids.
